High lactate production in cells during growth under oxygen-rich conditions (aerobic glycolysis) is a hallmark of tumor cells, indicating the role of mitochondrial function in tumorigenesis. In fact, enhanced mitochondrial biogenesis and impaired quality control are frequently observed in cancer cells. Mitochondrial DNA (mtDNA) encodes 13 subunits of oxidative phosphorylation (OXPHOS), is present in thousands of copies per cell, and has a very high mutation rate. Mutations in mtDNA and nuclear DNA (nDNA) genes encoding proteins that are important players in mitochondrial biogenesis and function are involved in oncogenic processes. A wide range of germline mtDNA polymorphisms, as well as tumor mtDNA somatic mutations have been identified in diverse cancer types. Approximately 72% of supposed tumor-specific somatic mtDNA mutations reported, have also been found as polymorphisms in the general population. The ATPase 6 and NADH dehydrogenase subunit genes of mtDNA are the most commonly mutated genes in breast cancer (BC). Furthermore, nuclear genes playing a role in mitochondrial biogenesis and function, such as peroxisome proliferators-activated receptor gamma coactivator-1 (PGC-1), fumarate hydratase (FH) and succinate dehydrogenase (SDH) are frequently mutated in cancer. In this review, we provide an overview of the mitochondrial germline variants and mutations in cancer, with particular focus on those found in BC.
Introduction
Breast cancer (BC) is the most common epidermal neoplasia worldwide, representing approximately 12% of all new cancer cases and 25% of all cancer cases in women. Belgium has the highest rate of BC, followed by Denmark and France, while the lowest incidence has been observed in Asia and Africa (1) . The Breast Cancer Organization estimates that approximately 12% of women from the United States will develop invasive BC during the course of their lifetime. Over the past decade, tremendous progress has been made in identifying BC etiological factors, understanding tumor biology, developing tools for better detection and determining the most effective treatments. Nevertheless, this disease still represents an important cause of morbi-mortality due to cancer (1, 2) . It is widely known that the oncogenesis phenomenon is a complex biological mechanism not yet well understood. Cancer development is a multistep process, involving genome instability, which leads to sustained proliferative signaling, the evasion of growth suppressors, resistance to cell death, tumor angiogenesis, invasion and metastasis (3) . Other hallmarks of the cancer cell are the capacity to evade the immune system and to generate reprogramming of the energy metabolism system (4, 5) . As regards the latter hallmark, the most well-known tumor cell metabolic abnormality is the Warburg effect (4).
Otto Warburg observed that cancer cells prefer aerobic glycolysis to oxidative phosphorylation; however, these cells do not uptake oxygen like normal tissue cells, even under a normal oxygen environment (4, 6) . Subsequently, there is ample evidence to support the hypothesis that tumor-related metabolic abnormalities involve defects in mitochondrial
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function, since many of the metabolic genes whose mutations can cause cancers are mitochondrial genes or nuclear encoded genes that are relevant to mitochondrial biogenesis and function. As an example, the metabolic enzyme, succinate dehydrogenase (SDH), is frequently mutated in cancer (7) . In this review, we provide an overview of mitochondrial mutations and polymorphisms in cancer, emphasizing those in BC.
Mitochondria
Mitochondria are involved in fundamental cellular processes, which include the generation of adenosine triphosphate (ATP) for cellular energy, calcium storage for cell signaling, and mediating cell growth and death processes. Mitochondria, descendants of endosymbiotic α-protobacteria that become established in a host cell, are double-membraned and semi-autonomous organelles in eukaryotic cells that can autoreplicate and are maternally inherited. This organelle has its own genome and is organized into DNA-protein complexes termed mitochondrial nucleoids, which are relatively stable genetic elements. Human cells have approximately 2,000 mitochondria per cell and an average of between 1.4 and 7.5 mitochondrial DNA (mtDNA) molecules per nucleoid (8) . mtDNA is a negatively supercoiled double-stranded circular molecule of 16,569 bp in size. Based on sedimentation properties, one strand is termed light (L) and the other one heavy (H). With only <7% of the sequence considered non-coding, mtDNA contains 37 genes, 28 of which are encoded in the H strand and 9 in the L strand. Thirteen of these genes code for essential proteins for mitochondrial oxidative phosphorylation (OXPHOS). These include 7 of nearly 45 polypeptides of the electron transport chain complex I (ND1-3, ND4L and ND4-6); 1 of the 11 polypeptides of complex III (Cytb), 3 of the 13 polypeptides of complex IV (COI-III), and 2 of the 15 polypeptides of complex V (ATP6 and ATP8). mtDNA also encodes 22 transfer RNAs (tRNAs), as well as the 18S and 16S ribosomal RNAs (rRNA). tRNAs and rRNAs are necessary for the translation of the respiratory subunit mRNAs within the mitochondrial matrix (Table I) (8) (9) (10) . The hypervariable region (HVR1: 16024-16383 nt and HVR2: 57-333 nt) or D-loop region is a non-coding sequence; however, it contains the origin of replication of the mtDNA (8) (9) (10) (11) . The proximity of mtDNA to the site of production of reactive oxygen species (ROS) and the absence of protective histones increase mtDNA susceptibility for acquiring mutations and oxidative damage, causing a mutation rate of 100-1,000-fold higher for mtDNA than nuclear DNA (nDNA) (1.1-1.7x10 -8 per nucleotide site per generation). Moreover, mtDNA damage induced by ROS is more extensive and persists longer than ROS-nDNA injury in human cells (12, 13) . Mitochondrial DNA encodes only a small number of proteins needed for its molecular architecture and biological functions; hence, additional nuclear-encoded mitochondrial (NEMt) proteins (NEMtPs) are required for mitochondrial biogenesis, assembly of the respiratory chain and the maintenance of mtDNA ( Fig. 1 ) (14) . The biogenesis of these organelles, which implies variations in number, size and mass, is highly influenced by factors, such as cell division, renewal, differentiation, oxidative stress, exercise, caloric restriction, low temperature, and mutations in both nDNA and mtDNA (14, 15) .
Nuclear-encoded genes that participate in mitochondrial biogenesis and function. In addition to the 13 mitochondrial encoded genes, to function properly the mitochondria require >1,500 NEMtPs. These proteins are required by the mitochondria to perform DNA replication, transcription and translation processes, as well as to carry out biochemical functions and to maintain its molecular architecture ( Fig. 1 ). Almost 1% of the products contained in the mitochondria are synthesized in the matrix and the remainder, in the cytosol. Mitochondrial proteins synthesized in the cytosol are encoded by nuclear genes derived from prokaryotic genes that were transferred to the nucleus or that originated during the evolution of eukaryotic cells. Since NEMt genes (NEMtGs or mitonuclear genes) include proteins and enzymes involved in mtDNA replication, transcription and translation, catabolytic pathways, and are components of the mitochondrial import and folding machineries, most of them are strictly essential for life (16, 17) . One of the most extensively studied NEMtG is the mitochondrial transcription factor A (TFAM) that regulates mtDNA replication/transcription and is implicated in the dynamics of mtDNA nucleoids (18) (19) (20) (21) . TFAM expression is promoted by the nuclear respiratory factor transcriptional regulators (NRF)-1 and NRF-2, which are activators of nuclear genes necessary for multiple mitochondrial functions. For example, the biogenesis of the mitochondria is regulated by the induction of peroxisome proliferator-activated receptor γ coactivator-1 (PGC-1) (18, 19, 22) . Additionally, it has been reported that the absence of TFAM in knockout mice is responsible for a severe OXPHOS defect, marked reduction in mtDNA content and embryonic lethality (20) . Furthermore, the loss of PolgA, encoding a subunit of mitochondrial DNA polymerase, also results in lethality in mice (23) . This observation suggests that mutations in NEMtGs can affect functions, such as electron transport and oxidative phosphorylation, protein translocation and mitochondrial biogenesis. The translocase of the outer membrane (TOM) complex is a clear example of the relevant role of mitonuclear genes in the cell, since nearly all mitochondrial pre-proteins are imported via a TOM entry gate (24) . From the cytosol to the TOM complex, pre-proteins are guided by molecular chaperones (heat shock protein 90 or heat shock cognate 70) (25); there, TOM20, TOM22 and TOM70 recognize the mitochondrial targeting signals of cytosolic preproteins ( Fig. 1 ). Hence, it is clear that errors in the import and assembly of mitochondrial proteins can result in a disease state in humans (26) . Additionally, nDNA genes have also been found to be involved in >30 different modified mt-tRNAs, and interestingly, Bandiera et al (27) found a large number of nuclear-encoded miRNAs, designated 'mitomiRs', with differential expression in the mitochondria and cytosol, demonstrating that the majority of mitochondrial miRNAs have both nuclear and mitochondrial-encoded targets.
Mitochondrial DNA variants in human diseases
Mitochondria are involved in the fundamental cellular process of generating ATP for cellular energy. However, energy metabolism is not the only essential role of mitochondria, since they are also crucial for stress response, cell survival and death, immune response and cell signaling. In consequence, mitochondrial impairment contributes to a wide spectrum of heterogeneous human conditions (mental disorders, cardiomyopathies, metabolic diseases, immune mediated diseases, aging and cancer); preferentially affecting those tissues with highenergy demands, such as brain, muscle and liver (12, 28, 29) . The strongest evidence linking a mtDNA mutation to a human phenotype is the increased risk of developing blindness in subjects harboring mutations in the mitochondrial encoded complex I genes (ND1-6 and ND4L). These mutations are known to cause Leber hereditary optic neuropathy (LHON), synergistically interacting with a primary LHON mutation to cause a defect in OXPHOS complex I activity (30) . Mitochondrial disorders also cause an overlapping spectrum of diseases. In a case-control study, Hudson et al (29) analyzed mtDNA single nucleotide polymorphisms (SNPs) from 51,106 subjects from the Wellcome Trust Case Consortium, which included patients with ankylosing spondylitis, ischemic stroke, multiple sclerosis, Parkinson's disease, primary biliary cirrhosis, psoriasis, schizophrenia, ulcerative colitis, coronary artery disease, hypertension and type 2 diabetes. The authors observed that mtDNA polymorphisms modify the risk of developing one or more of these diseases. Of note, high-risk alleles were more frequent than protective alleles, indicating that mtDNA is not at equilibrium in the human population, and that recent mutations interact with nuclear loci to modify the risk of developing diseases (29) . Notably, polymorphisms that increase the risk of developing two or more diseases were limited to mitochondrial cytochrome b (CYB: H16R, T158A) and subunit 3 of cytochrome c oxidase (COIII: V91L, N154S) genes. The CYB variants H16R and T158A were previously associated with several diseases (31, 32) . The only non-synonymous polymorphism associated with a reduced risk of various entities was the G10398A (T114A) of ND3, which occurs twice on the human mtDNA phylogeny and has previously been associated with Parkinson's disease and cardiomyopathies (33) (34) (35) (36) . This polymorphism has been shown to reduce complex I activity, cytosolic calcium levels, and mitochondrial membrane potential, and thus may reduce the levels of ROS (33) .
As regards NEMtGs, mutations in >100 genes have been implicated in mitochondrial human diseases (37) (38) (39) (40) . As an example, mutations in elaC ribonuclease Z2 (ELAC2) have been found in individuals suffering from infantile-onset hypertrophic cardiomyopathy and complex I deficiency (39, 41) . Similarly, defects in any step of protein transport due to TOM complex mutations lead to oxidative stress, neurodegenerative diseases, and metabolic disorders (26) . Irregularities in mitochondrial targeting signals have also been identified as a cause of pyruvate dehydrogenase (PDH) deficiency. These mutations were described in the amino-terminal targeting signal (N-MTS) of the PDH, which is a subunit of the mitochondrial matrix protein complex. X-linked mutations in the PDH E1α subunit are the most common cause of PDH deficiency and have been associated to microcephaly and cerebral atrophy (42) . Moreover, mutations in nuclear-encoded components of the mitochondrial translation machinery have been shown to be involved in other human diseases (31). To 
Mitochondria variants and cancer
In pathological conditions, such as cancer, malignant transformation induces reprogramming of cell metabolism and permanent fission and fusion of mitochondria to maintain daughter cells upon cell division. During oncogenic processes, tumor cells not only acquire persistent changes in metabolism to support cell growth, but also other types of mtDNA damage (12) . mtDNA mutations have been identified in all types of human tumors, both in the non-coding and coding regions of the mtDNA (Fig. 2 ). Larman et al, studying different cancer types, found that the frequency of somatic mtDNA mutations ranged from 13% in glioblastoma to 63% in rectal adenocarcinomas (44) . Notably, the majority of the mtDNA mutations appeared to be homoplasmic (same sequence in all mtDNA molecules) in nature; nevertheless, heteroplasmy (the presence of >1 mtDNA sequence in a cell) could contribute to heterogeneous mitochondrial morphologies and correlate with metabolic flexibility and cancer metastasis (28, 45) . According to their percentage in the cell, mutations may be homoplasmic (>95 to 100%), high heteroplasmic (>20 to <95%), low heteroplasmic (>0.5 to 20%) or rare (0.5% or less) (46) . Surprisingly, 72% of the reported tumor-specific mtDNA mutations are also found in non-tumor cells (germline variants) of healthy subjects (44) . As mtDNA is highly susceptible to acquiring mutations from ROS, in addition to inherited mtDNA mutations, multiple subpopulations of mtDNA could arise during the lifespan, enriching the heteroplasmic condition (mainly in cells with high division rates). Of note, although there is co-occurrence of mtDNA germline variants and somatic mutations, a high proportion of these become homoplasmic in cancer cells (47, 48) . However, the heteroplasmic threshold effect and the mechanisms underlying their selection towards a homoplasmic state during tumor development are not yet well understood (48). Warburg's observation was the cornerstone for the study of mitochondrial function in tumor cells. Later, it was observed that the mRNA levels for defined mtDNA encoded genes were upregulated in many human cancer types (44, (49) (50) (51) . In this regard, the first significant finding was the observation that hepatoma cells express hexokinase II, while normal hepatic Figure 1 . Signaling pathways involved in mitochondrial function and the human mitochondrial DNA (mtDNA) map. Activators, such as reactive oxygen species (ROS), cytokines and leptin activate peroxisome proliferator-activated receptor gamma coactivator-1 (PGC-1a) to promote the transcription of genes that are involved in the mitochondrial transcriptional machinery (DNApolγ, DNA polymerase γ; mtTFA, mitochondria transcription factor A; mtRNApol, mitochondrial RNA polymerase, etc.). The mRNAs are directed to the cytoplasm for translation and the resulting proteins are immediately imported into the mitochondria by the translocase of the outer and inner mitochondrial membrane (TOM and TIM, respectively) system. DNApolγ is responsible for replication, whereas mtTFA and mtRNApol are actively involved in the initiation of transcription. The formed mRNAs give rise to mitoribosomal subunits, tRNAs, or are translated into the mitoribosomes to generate protein subunits of the mitochondrial respiratory chain complex. mtDNA is a double-stranded (heavy chain: H and a light chain: L) circular DNA, containing 37 genes, of which, 28 are located in the H strand and nine in the L strand. Thirteen of these genes code for essential components of the electron transport complexes (ETC), 22 are transfer RNAs (tRNAs) and two ribosomal RNAs (rRNA). ND1, NADH-ubiquinone oxidoreductase chain 1; ND2, NADH dehydrogenase 2; COI, cytochrome c oxidase I; COII, cytochrome c oxidase 2; ATP8, ATP synthase 8; ATP6, ATP synthase 6; COIII, cytochrome c oxidase 3; ND3, NADH dehydrogenase 3; ND4L, NADH-ubiquinone oxidoreductase chain 4L; ND4, NADH dehydrogenase 4; ND5, NADH dehydrogenase 5; NAD6, NADH dehydrogenase 6; CYB, cytochrome b. ND genes are indicated by orange boxes, CO genes by green boxes, the CYB gene by a gold box and ATP genes by pink boxes. rRNA is indicated by blue boxes; and tRNA by red triangles. cells express hexokinase IV (glucokinase) (49) . Metabolic deregulation and its associated consequences induce a strong selective pressure on tumor cells. Hence, acquiring somatic mtDNA mutations that impact oxidative phosphorylation seems to be an alternate mechanism for enhancing tumor growth (44) . Another important observation is that mutations in OXPHOS genes and accumulation of ROS can lead to the oxidation of proteins and their missfolding. To balance this, metastatic cells show high expression of the unfolded protein response (UPR mt ), which allows them to survive in this highly stressed environment (45, 52) .
The mtDNA of cancer cells was first studied by Polyak et al in 1998 (47) . They sequenced the mtDNA of 10 human colorectal cancer (CC) cell lines. The authors identified mutations in 70% of all studied cell lines; many of these occurred in rRNA genes or were missense mutations, with only one frame-shift and one chain-termination mutation (47) . Another interesting finding was that tumor cells frequently contained a relatively small number of mitochondria with few mtDNA molecules per mitochondrion. In addition, most of the mtDNA mutations were homoplasmic, derived from a mtDNA somatic mutation initially represented in a heteroplasmic state (44) . These data suggested that at least one of the observed tumoral mtDNA mutations could confer a selective advantage to the cancer cell, further supporting the hypothesis that mtDNA somatic mutations play an important role in promoting the proliferation of several types of tumor cells (47) . Moreover, Habano et al (53) reported that changes in the length of the polycytosine tract of the HVR2 in the mitochondrial D-loop are the most frequent (44%) mutations in colorectal tumors. Currently, it is well known that this region is highly mutated in a variety of human cancers (ovarian, thyroid, kidney, liver, lung, colon, gastric, brain, bladder, head and neck, prostate, breast and leukemia), although most of these mutations do not have pathogenic implications, as they are not generating stop-codons, frame-shifts or altering tRNA structures (44) . Furthermore, Larman et al (44) , analyzing whole-genome data generated by The Cancer Genome Atlas Research Network (CGARN), reported that the majority of coding mutations occurred in the subunits of the electron transport chain complex (NADH dehydrogenase, cytochrome b and cytochrome c oxidase). The atlas includes paired tumor and normal tissue samples from 226 individuals with 5 types of cancer: Colon adenocarcinoma (COAD), rectal adenocarcinoma (READ), acute myeloid leukemia (AML), glioblastoma (GLB) and ovarian serous cystadenocarcinoma (OVR). Highly variable proportions of deleterious tumor-specific mutations across tumor types were found, ranging from 13% in GLB to 63% in READ. Another interesting finding was the differential distribution of nonsynonymous (missense and truncating) and synonymous mutations between inherited variants and somatic mutations in all types of cancer (COAD, READ, AML, GLB, OVR). The nonsynonymous mutations were in higher proportion in the tumor mtDNA (86%) in comparison with the germline mtDNA (31%). The majority of tumors (94%) that harbored somatic mtDNA mutations carried at least one nonsynonymous mutation and only 37% bearer somatic nonsynonymous mutations. Tumors that carried synonymous mutations, but no nonsynonymous mutations accounted for only 3%. OVR (93%) exhibited the highest proportion of nonsynonymous mtDNA somatic mutations compared to the rest of the tumor types (COAD, 89%; READ, 80%; AML, 78%; and GLB, 80%).
The first direct causal connection between a mtDNA mutation and cancer was reported by Petros et al (54) who identified the T8993G (L156R) germline mutation in the ATP6 gene as heteroplasmic in a patient with prostate cancer and demonstrated its tumorigenic capacity in a nude mouse prostate cancer model. The T8993G mutation in ATP6 is known to induce enhanced ROS production, which may be the cause of enhanced tumorigenicity, since ROS are known to affect transcription factors, signal transduction kinases, regulatory phosphatases and angiogenic factors (44) . Recently developed techniques, such as next generation sequencing (NGS) have improved our knowledge of the nature of mtDNA mutations thanks to the comparison of tumor and adjacent normal tissue or blood in a wide variety of cancer types. mtDNA variants commonly observed either as germline polymorphisms (or germline mutations) or somatic mutations (cancer cells) include point mutations, mono-or dinucleotide repeats, insertions, deletions and mtDNA copy number variations (50, 51, 54) . The most common mtDNA polymorphisms which have been associated with an increased risk of cancer are T16189C (D-Loop), G10398A (A114T at ND3 gene) and the deletion ΔmtDNA4977 (55) (56) (57) (58) (59) . ΔmtDNA4977 is the most common deletion in the mitochondria, which occurs between nucleotides 8,470 and 13,477 of the human mtDNA. This deletion includes 5 tRNA genes, 4 genes encoding subunits of NADH dehydrogenases, COIII and ATPase genes, creating a smaller mtDNA molecule that leads to a decrease in ATP production and to abnormal ROS generation ( Fig. 2) (60) .
In addition to the structural abnormalities in mtDNA, fluctuations in mtDNA copy number are frequently described in cancer. For instance, an elevated mtDNA content has been found in primary head and neck squamous cell carcinoma, papillary thyroid carcinoma and endometrial cancer, in contrast to gastric cancer, which exhibits mtDNA depletion (61) (62) (63) . The mtDNA copy number in cancer may depend upon the specific site of mutation associated with that cancer. Thus, an increase in mtDNA copy number can occur as a compensatory response to mitochondrial dysfunction or to mutations in nuclear genes indirectly involved in controlling mtDNA copy number. Conversely, mutations in the D-loop region, which control mtDNA replication, would be expected to result in a decrease in copy number. In many cases, fewer copies of mtDNA are accompanied by a decrease in the expression of mitochondrial genes, suggesting a suppressed mitochondrial activity in these tumor types. mtDNA impairment may result, not only in mtDNA copy number alterations, but also in the acquisition of new point mutations and deletions in mtDNA, damaged mitochondrial function and changes in cell and tissue viability. Defects in the components of the mtDNA repair machinery, which mediate mtDNA replication and repair, may increase the accumulation of mtDNA mutations, even though mitochondria have nDNA repair pathways, such as base excision repair, miss-match repair and recombinational repair (12, 13) . Indeed, Reznik et al (64) found that the mtDNA copy number is related to the incidence of key driver mutations that cause cells to become cancerous (13, 14) . Of note, although the mtDNA copy number can influence the level of transcription of mtDNA genes, not all cancer types exhibit a correlation between the expression of respiratory genes and mtDNA copy number (64) . Exogenous and environmental factors, such as industrial by-products, ultraviolet and ionizing radiation, tobacco smoke, chemicals, environmental toxins and therapeutic drugs may also affect mtDNA expression (13, 14) .
Haplogroups and cancer risk. Ancient mtDNA SNPs are grouped into haplogroups, which are groups of haplotypes that share several polymorphisms acquired during the expansion and migration of the human population. Haplogroups reflect specific ancestral populations and are the result of sequential accumulation of mitochondrial mutations through maternal lineages; hence, they present continent-specific distributions. The molecular mechanisms underlying the association between mtDNA haplogroups and cancer development remains unclear and controversial results between populations have been reported (65) (66) (67) (68) (69) (70) (71) (72) (73) . However, specific mtDNA haplogroups have been associated with the risk of prostate cancer, BC, CC, nasopharyngeal cancer, gastric cancer, myelodysplastic syndromes (MS), acute lymphoblastic leukemia, etc. (65) (66) (67) (68) (69) (70) (71) (72) 74) . For example, an over-representation of haplogroup I in Polish cancer patients has been reported (75), haplogroup U has been shown to be associated with an increased risk of developing renal and prostate cancers (65) , and haplogroup JT has been shown to be associated with MS susceptibility in North American caucasion subjects (70) . Additionally, haplogroups H, N and L have been shown to be associated with the risk of developing pancreatic cancer, whereas haplogroup K has been identified as protective for this type of cancer in participants from the San Francisco Bay Area in California (76) . In China, haplogroups D4a and D5a have been found to be associated with an increased the risk of esophageal cancer, while the N and M haplogroups have been reported as biomarkers for the good and poor survival of patients with gastric cancer, respectively (67, 69) . Another study, including 1,503 autopsy cases from Japan (76) , reported an association between the haplogroup M7b2, previously associated with leukemia (77) and an increased risk of developing hematologic cancers (76) . Nevertheless, some of the most robust association data have been reported for haplogroup T (M184) and the risk of CC in European-American descendants, following the analysis of 2,453 CC cases and 11,930 multi-ethnic controls (68) .
Nuclear-encoded genes, mtDNA biogenesis and function in cancer.
While a number of studies on cancer have focused on nDNA mutations, less research has been directed at determining the influence of germline variants and somatic mutations in NEMtGs and mitochondrial genes on organelle dysfunction and cancer development. It is well known that mutations in nuclear-encoded components of the mitochondrial translation machinery accumulate non-repaired nDNA and mtDNA that may promote cellular transformation and tumor development. Mutations in nuclear genes responsible for mtDNA biosynthesis and integrity maintenance, such as POLG, mtTFA, PGC-1, NRF-1, NRF-2, isocitrate dehydrogenase (IDH), SDH family members (SDHA, SDHB, SDHC and SDHD), fumarate hydratase (FH), SIRT1-3, POLG, TWINKLE and OPA1 are frequently implicated in carcinogenic processes (74, 78, 79) . In fact, heterozygous germline mutations in SDHB, SDHC, SDHD and SDHAF2 cause hereditary paragangliomas and pheochromocytomas (80) . POLG is known as the only DNA polymerase that functions in human mitochondria. Due to its ability to bypass lesions by translation synthesis, POLG is vital for maintaining the genetic integrity of mtDNA. Mutations in this gene can promote mtDNA mutations, the accumulation of unrepaired lesions or can even block DNA replication in cancer (4, (6) (7) (8) (9) (10) (11) (12) (13) . Furthermore, IDH1 and IDH2, mitochondrial and TCA cycle-related proteins, are frequently mutated in tumors, such as glioblastoma. In fact, studies on GLB and AML have identified recurrent missense mutations that impact specific residues of the nuclear genes IDH1 and IDH2 (78, 79) . Notably, it has been observed that tumors carrying IDH mutations have few or no somatic mtDNA mutations (79) .
The abnormal expression of several NEMtGs is a common finding in all steps of cancer development and progression. For example, TNF receptor-associated protein 1 (TRAP1) is a protein that plays a role in the regulation of proteostasis, mitochondrial apoptosis and suppression of ROS production in the mitochondria of tumor cells, through regulation of folding and stability of selective proteins. In fact, it has been reported that TRAP1 overexpression favors resistance to standard chemotherapeutic agents (81) . The overexpression of genes involved in the activation of the UPR mt has also been observed in metastatic cells. The UPR mt system protects from protein misfolding and oxidation; however, it might also maintain deleterious mtDNA mutations conferring advantages that facilitate cancer cell metastasis (52, 82) .
Mitochondrial DNA variants in breast cancer
The recognition of the importance of mtDNA mutations as a relevant feature in BC development, metastasis and resistance to treatment, has occurred over the past decade (48, 83, 84) . Both mtDNA germline variants and tumor mutations have been involved in BC (Table II) . As with other types of cancer, the D-loop region (16024-576 nt), mainly the HVR1 and HVR2 regions, is an important mitochondrial mutation hotspot (48, 83, 85) . This region has been reported to be ~60-fold more susceptible to mutations than other regions of the mitochondrial genome (55, (86) (87) (88) . The T16189C, C16207T, T16519C, T239C and A263G polymorphisms, located in the D-loop region, are frequently associated with the risk of BC (85) (86) (87) . By contrast, the T16183C, C16223T, T16362C, A73G and C150T polymorphisms, have been found to be enriched in controls compared to BC patients, suggesting that they could protect for this disease (86) . Of these, T16189C is the most common polymorphism that is associated with the risk of BC (75, 89, 90) . The T to C change in the wild-type (C5TC4) generates a long run of C residues considered to be a source of enhanced instability (55, 85, 87, 88, 91) . This abnormality often leads to heteroplasmic length variation of the poly-C tract (>10 cytosines) and a correlation has been observed between the poly-C variants and the mtDNA copy numbers (59), as subjects who have an interrupted poly-C carry higher mtDNA copy number, in contrast to those with an uninterrupted poly-C, suggesting that the T16189C variant may affect mtDNA replication (92) .
Coding mitochondrial variants have also been implicated in the risk of BC. On one hand, the A4727G, G9055A, C6296A, G9947A, A8860G, A10044G, A10283G, T11233C and C11503T variants increase the risk, and on the other hand, the T3197C and G13708A SNPs decrease the risk of developing this neoplasia (85, 86, 88, (93) (94) (95) . In terms of deletions, the 2463delA, 6298delT and the ΔmtDNA4977 polymorphisms have been identified as susceptibility factors for BC; however, ΔmtDNA4977 is the most commonly implicated in the breast carcinogenesis process (88, 96) . The mechanisms that promote tolerance to these deletions or contribute to their propagation in the tumor cells are unknown (82) . Additionally, differential contribution and interaction between germline variants have been reported to increase BC susceptibility. For example, G10398A has been shown to be associated with an increased risk of BC in European-American, Polish and Malay populations, but not in Hindu and African-American women (57, 75, 84, (97) (98) (99) (100) . Furthermore, T4216C confers a risk of BC only in combination with the G10398A germline variant (97) .
It is relevant to state that in addition to the G6267A somatic mutation, the germline variants T14110C, G14207A and D310 (from nucleotide positions 303 to 315 and interrupted by a T in position 310) are very common in BC cases (96, 101, 102) . The poly-cytidine stretch D310 is the most common, reaching 92% of the tumor samples; thus, it has been suggested as a potential starting point for the clonal expansion of malignant cells and may be a clinical marker for breast tumorigenesis (85, 88, 101, (103) (104) (105) (106) (107) (108) . Alhomidi et al, in 2013, supported this hypothesis, reporting that 32.5% of patients from India with BC were D310 carriers (108) .
Apart from somatic mtDNA mutations, studies have identified mtDNA mutation (varying degrees, different sites, and different types) in nearly 60% of BCs tumors (87, 88, 95, 101) ; however, the question of whether the mutations help drive the tumor or are bystander events remains unanswered (76, 83) . McMahon and LaFramboise (83) , in a study that included 99 normal-tumor paired BC samples, identified 142 somatic mutations; however, many of these have been reported as germline variants. G567A, G766A, G1333A, A2085G, G2621A, G5043 and G11346A were identified in only one patient, as examples of somatic mutations (described exclusively in breast tumor tissue) (83, 109) . Other matched blood-tumor mtDNA sample studies have also shown that most somatic mutations are singletons arising in a single patient and interestingly, are present in a heteroplasmic state in the tumor, but not in mtDNA from normal tissues. It has been suggested that many putative somatic mutations are in undetected germline heteroplasmies that have undergone clonal expansion in the tumor (46, 83, 110) .
With regard to the impact of mtDNA content in BC, a lower mtDNA content has been observed in BC tumors when compared to their surrounding normal epithelium; however, these data are inconsistent (111) .
Haplogroups and breast cancer. The important role of haplogroups in different human conditions such as aging, neurodegenerative diseases, metabolic diseases, as well as BC (Table III) have also been explored. Currently, it is considered that metabolism and sensitivity to oxidative stress differs among mitochondrial haplogroups (112) .
Studies performed on the Polish population have demonstrated the overrepresentation and under-representation of haplogroups I and H, respectively, in patients with BC, in comparison with healthy groups. These data suggest that the presence of different polymorphisms given in the haplogroup may be fundamental for the carcinogenic process (75) . Furthermore, an association between haplogroups and BRCA1 and BRCA2 mutations has been reported. Tommasi et al (113) found that haplogroups X and H were significantly more frequent in subjects bearing mutations in the BRCA1 and BRCA2 genes, respectively. Additionally, it has recently been observed that haplogroup T1a1 may modify the individual risk of acquiring the disease in BRCA2 mutation carriers (114) . Likewise, Rao et al (115) , studying 92 triple-negative BC (TNBC) patients of African-American (n=31), caucasion (n=31) and Hispanic (n=30) origin, found that Nigerian (29%), Cameroon (26%), Sierra Leone (16%) and Guinea-Bissau (13%) haplogroups were highly prevalent in African-American patients; while the H (29%), U (23%), K (13%), V (7%), and J (7%) haplogroups accounted for 79% of all haplogroups identified in caucasian-derived populations. As has been previously reported, haplogroups A (34%), B (17%) and C (13%) are the most frequent in Hispanic patients. Notably, the authors found that non-caucasian haplogroups represent almost 64% of TNBC patients, which is in accordance with data showing that TNBC is more common in African-and Hispanic-derived populations (115) . Although some of these studies have provided controversial findings and statistically underpowered results, the European haplogroup N, defined by the G10398A germline variant, has been reported as a risk factor for BC, particularly in women of African-American and Indian origin (96, (116) (117) (118) . Additionally, Bai et al (85) , studying a caucasian population, found that haplogroup K (G10398A and T16189C) increased the risk of BC, whereas haplogroup U conferred protection against this disease. Moreover, Darvishi et al (99) re-analyzed approximately 1,000 mitochondrial DNA sequences and found an association between the distribution of haplogroup N and the incidence of sporadic BC. This was corroborated through a case control study, where they also observed association of the A10398C germline variant with sporadic BC.
Mutations in nuclear-encoded genes that participate in mtDNA biogenesis and BC. It is well known that mutations in nuclear encoded genes, such as BRCA1, BRCA2, TP53, PTEN, CHEK2 and CHEK1, are commonly associated with a high risk of developing BC. Moreover, as the majority of mitochondrial proteins are nuclear encoded and post-translationally imported in the mitochondria, the nuclear/mitochondrial connection in BC is also altered. However, the most notable association between the mitochondrial function and nuclear encoded genes relates to the OXPHOS system since 79 of its components are encoded by nDNA. In fact, none of the subunits of complex II are encoded by mtDNA (74, 78, 119) . Hossein and Houshmand (120) used algorithms to determine that the mitochondrial deletion ΔmtDNA4977 in association with alterations in nuclear genes (such as BRCA, ER and TP53 genes) led to a phenotype of premature aging and BC (95) . Moreover, Jandova et al (121) reported that the copy number of mtDNA can produce differential expression levels of matrix metalloproteinase 9 (MMP9) and collagen, type I, a1 (Col1a), which are capable of triggering the malignancy. Notably, MMP9 has been shown to be involved in several types of cancer and metastasis. Additionally, expression analyses have also revealed an association between the expression of NEMtGs and BC subtypes. Furthermore, mitochondrial membrane respiratory chain complex I and IV and ATP synthesis were reduced, in both epithelial and stromal cancer cells compared to normal breast cells. Additionally, MRPL12, POLG and RNASEH1 were upregulated in cancerous stromal cells (122) . mtDNA variants and BC subtypes and survival. Few studies have been conducted to clarify whether there is a correlation between mtDNA germline variants or somatic mutations and BC subtypes. Thus far, there has been no direct association of mutations with the intrinsic subtypes of this neoplasia; however, Lin et al (123) observed that the D310 germline variant was associated with an advanced stage of the tumor and with negative Her2/neu expression. Tommasi et al (113) found that the T16126C germline variant was more frequent, but not exclusive, in estrogen-and progesterone receptor-negative tumors. Nevertheless, the authors detected that C150T was exclusive to patients with hereditary BC, as was T16519C, which was found in 90% of individuals carrying mutations in BRCA1. Blein et al (124) sequenced blood mtDNA from 436 women, with a positive familial BC history, but negative for BRCA1/2 pathogenic mutations, diagnosed with BC, and found an enrichment of mutations in MT-ATP6 (86.5 variants/Mb) and MT-CYB (84.1 variants/Mb), but no association between the rate or type of mutations. Moreover, McMahon and LaFramboise (83) observed that alterations in heteroplasmy levels were more significant in HER2-positive tumors than in HER2-negative tumors. The impact of the mtDNA mutation rate and mtDNA content and their correlation with prognosis and survival have also been investigated. A higher mutational burden and a low copy number of mtDNA have been associated with a worse overall survival, in contrast to patients carrying a low mutation rate or high mtDNA content; however, these results remain inconclusive (111, 125 ).
Mitochondria DNA mutations and response to therapy in breast cancer
Widespread attention has been paid to mitochondria mutations. This is a not a recent phenomenon, and it fits into the broader historical interest in studying the size, evolution and function of genomes. The first complete human mtDNA sequenced was in 1981; currently, >3,000 complete mitochondrial genomes have been sequenced (109) . The unique structure and function of mitochondria make them an excellent model system to identify and answer biological and medical issues where other approaches exhibit technical difficulties. As the mitochondria control both energy metabolism and susceptibility towards apoptotic cell death, mtDNA mutations have been suggested to play important roles in breast carcinogenesis and drug-resistance. Thus, the landscape of driving tumor mtDNA mutations could be used for the design of clinical trials and development of new anti-neoplasic therapies. In this regard, the role of mitochondrial dysfunction and cancer therapy has been widely investigated. Recently, Farnie et al (126) demonstrated that tumors with high mitochondrial mass (mito-high) were specifically enriched in the number of cancer stem-like cells (CSCs), which are involved in tumor recurrence and metastasis. Furthermore, these mito-high breast CSCs exhibited resistance to DNA damage following antineoplastic treatment. Based on the 'Endo-symbiotic Theory of Mitochondrial Evolution', it is suggested that antibiotics against mitochondria could be used to modify mitochondrial mass within CSCs. In fact, the FDA has already approved drugs/antibiotics that target mitochondria to eradicate CSC activity (metformin and pyrvinium pamoate, salinomycin) as well as inhibitors of mitochondrial biogenesis and mitochondrial translation (erythromycins, tetracyclines and glycylcyclines) (126, 127) . Notably, doxycycline and azithromycin have already exhibited significant efficacy in treatment-resistant cancer patients with lymphoma and non-small cell lung tumors, respectively (128, 129) .
The steep rise in interest in the study of mitochondrial mutations is also due to the fact that mtDNA mutations play a role in many other human diseases, opening a paradigm shift that suggests that mitochondrial mutations will contribute to our understanding of tumor biology in the mammary gland. In fact, Teixeira et al (130) found that the mitochondria were also involved in stem cell differentiation, showing that blocking any of the 13 key proteins linked to ATP synthase disrupted or stalled egg development in fruit flies. Certainly, the recognition of the widespread applicability of studying the role of mitochondria and the biological implications of mtDNA may will strongly improve the development of new means with which to treat human common diseases, including BC.
Conclusions
As mtDNA mutations and mtDNA copy number have been found to play important roles in breast carcinogenesis, the landscape of driving tumor mtDNA mutations may be used for the design of clinical trials and the development of novel anti-neoplastic therapies. Moreover, the suggestion that mtDNA copy number is associated with the severity of the disease could identify cases with better or worse survival. It is clear that NGS technologies have resulted in an unprecedented ability to understand mtDNA structure; however, the challenge is to determine whether and which mutations or germline variants carry biological significance. In addition, meriting further investigation are other aspects of mitochondrial genomes which undoubtedly are involved in human diseases, these aspects include chromosome structure, transcriptional and translational architecture, and modes of repair and replication.
